Abstract Large amounts of carbon are stored as permafrost within the Arctic and sub-Arctic regions. As permafrost thaws due to climate warming, carbon dioxide and methane are released. Recent studies indicate that the pool of carbon susceptible to future thaw is higher than was previously thought and that more carbon could be released by 2100, even under low emission pathways. We use an integrated model of the climate and the economy to study how including these new estimates influence the control of climate change to levels that will likely keep the temperature increase below 2°C (radiative forcing of 2.6 Wm ). According to our simulations, the fossil fuel and industrial CO 2 emissions need to peak 5-10 years earlier and the carbon budget needs to be reduced by 6-17 % to offset this additional source of warming. The required increase in carbon price implies a 6-21 % higher mitigation cost to society compared to a situation where emissions from permafrost are not considered. Including other positive climate feedbacks, currently not accounted for in integrated assessment models, could further increase these numbers.
Introduction
Permafrost (permanently frozen ground) is a major component of the cryosphere and occupies 24 % of the Northern Hemisphere's land surface (Zhang et al. 2008) . Observed warming in this area during the last 30 years was as high as 3°C in parts of Northern Alaska and as high as 2°C in parts of the Russian European North, between two to three times the global average (IPCC 2013) . A reduction in permafrost thickness and surface area has been observed (Brown and Romanovsky 2008) . As previously frozen soils thaw, substantial quantities of organic carbon become available for decomposition by soil microbes. Permafrost contains twice as much carbon as is currently stored in the atmosphere (Zimov et al. 2006 ) and the release of a small fraction -in the form of carbon dioxide (CO 2 ) and methane (CH 4 ) -may lead to a positive feedback and increase the rate of future climate change (Burke et al. 2012) .
The first studies estimated a permafrost carbon pool of almost 1700 gigatons (Gt) (see for an overview Zimov et al. 2006 or Schuur et al. 2008 . New lines of evidence (Schuur et al. 2015) , based on recent observations, show that substantial amounts of carbon are also accumulated in deeper areas and that these are susceptible to future thaw. Recent evidence also suggests that the most likely process is a gradual and prolonged release of greenhouse gases (Schuur et al. 2015) , but also indicating that a significant amount of carbon would be released in low emission pathways before 2100.
The extra warming caused by the permafrost carbon feedback (PCF) has been investigated (see MacDougall et al. 2012 , Schneider von Deimling et al. 2012 Burke et al. 2012 and Schaefer et al. 2014 ). However, this feedback is not currently incorporated in economic assessment models (Stern 2016) . The additional economic damage caused by permafrost carbon release was analysed (Hope and Schaefer 2015) . In comparison to their study which focused on economic damages, we are interested in studying the implications of permafrost thawing within a climate change control setting. More specifically, we estimate the additional efforts required to maintain a radiative forcing of 2.6 W per m 2 (Wm
) in 2100 when adding the extra emissions from permafrost thawing.
Materials and methods

Climate change control scenarios
We set a radiative forcing target of 2.6 Wm −2 for the year 2100 (allowing for "overshooting" during the century) following the RCP approach used by IPCC (see IPCC 2013). We consider two scenarios: The first scenario does not consider the permafrost carbon feedback (Scenario RCP2.6) while the second one does (Scenario RCP2.6_PCF). Scenario RCP2.6 introduces the constraint that the total radiative forcing should be equal to 2.6 Wm −2 in 2100, which according to IPCC (2013) corresponds to likely 1 remaining below a 2°C temperature increase. To be consistent with RCP scenarios from literature, we consider that the exogenous radiative forcing from non-CO 2 factors increases from 0.25 to 0.4 Wm −2 and that land-use emissions are reduced progressively to zero by 2100 (IIASA 2015 , Van Vuuren et al. 2011 . Scenario RCP2.6_PCF corresponds exactly to Scenario RCP2.6 but includes emissions from permafrost. This scenario therefore requires that the emissions of fossil fuel and industrial CO 2 need to be reduced more to achieve the same climate target.
Emissions from permafrost
We use the study from Schneider von Deimling et al. 2015 which includes the most recent available projections of CO 2 and CH 4 fluxes 2 from thawing permafrost under the RCP2.6 scenario ( Fig. 1) . In their estimation the emissions from permafrost peak during the second half 1 Note that according to some authors (Rockström et al. 2009 ) a 2.6 Wm −2 forcing could trigger "slow feedback" mechanisms or tipping points (Lenton et al. 2008 ) which may move the climate system beyond 2°C. 2 Methane was converted to CO 2 -eq. using a Global Warming Potential factor of 34 (for 100-year time horizon), following the recommendation of IPCC ( 2013). of the century and then decline. The emissions continue beyond 2100, however as they are monotonously declining it is feasible to set a control target in 2100. The only source of uncertainty we include relates to the 68 % confidence interval on the permafrost emission estimates by these authors. Although many other sources of uncertainty are present, the goal of our study is not to conduct a probabilistic analysis but to estimate how the expected permafrost carbon feedback impacts climate change control all other factors being equal.
Integrated assessment model
We use the Dynamic Integrated Climate-Economy model (DICE version 2013R, Nordhaus and Sztorc 2013), a well-known integrated assessment model (IAM) of climate-change economics (Nordhaus 1992 (Nordhaus , 2014 Butler et al. 2014; Moore and Diaz 2015) . In this approach, society invests in capital goods, thereby reducing consumption today, in order to increase consumption in the future. Investing in emissions reduction reduces consumption today but prevents future damage from climate change. In our study an optimal path for fossil fuel and industrial CO 2 emission reduction is sought that maximizes the net present value of cumulative economic welfare from 2010 to 2100 subject to a constraint 3 on radiative forcing (2.6 Wm −2 in 2100). In this approach economic welfare corresponds to net welfare, i.e. the damages 4 from climate change and the mitigation costs have already been deducted. More detailed technical information on DICE can be found in Nordhaus and Sztorc (2013) . ). The blue lines indicate emissions of permafrost carbon feedback: median (solid), 16th percentile (dotted) and 84th percentile (dashed) pathway (Schneider von Deimling et al. 2015) . The red solid line at 0 line refers to the scenario without permafrost thawing 3 In this study we set an exogenous constraint of 2.6 Wm −2 ; Notice that if the DICE model were be run without constraints the optimal value obtained would be beyond this level of radiative forcing (see Nordhaus and Sztorc 2013) 4 The damages from climate change involve large uncertainties, especially for high emissions and large temperature changes (Pindyck 2013) . However, here the choice of the damage function is less relevant as we analyse a low carbon emission scenario. fossil fuel and industrial CO 2 emissions need to peak between 5 to 10 years earlier. The carbon budget needs to be reduced from 1570 GtCO 2 to 1420 [1310-1500] GtCO 2 , equivalent to a 10 [5.7-16.5] % reduction (Fig. 2b) . The CO 2 concentration in the atmosphere would be slightly lower during the entire century (Fig. 2c) .
Results
The required reductions of fossil fuel and industrial CO 2 emissions of 149.1 [74.6-259.0] GtCO 2 are higher than the cumulative emissions generated along the century from permafrost (122.0 [61.0-211.0] GtCO 2 -eq). This is because the overshooting potential is reduced (see Fig. 2d ) due to the presence of continued emissions from permafrost in the second half of the century.
In summary, the presence of a permafrost carbon feedback requires that the reduction of fossil fuel and industrial CO 2 emissions needs to be greater and occur earlier. This implies that the price (tax) of carbon must be higher, both now and in the future (Fig. 3a) . In the absence of the permafrost carbon feedback the global price of CO 2 (assuming full participation) would need to rise from 36 US$/tCO 2 in 2015 to 180 US$/tCO 2 in 2050. In the presence of a permafrost carbon feedback the respective increase would need to be from 41 [38] [39] [40] [41] [42] [43] [44] [45] [46] (Fig. 3a) . The higher carbon price implies higher costs to society. The presence of a permafrost carbon feedback would increase the mitigation cost from US$8.1 to US$9.0 [8.5-9.8] trillion, equivalent to a 6-21 % increase (Fig. 3b) . Devoting more resources to mitigation implies a reduction of consumption and investment, implying a loss in welfare. Our results show that the net present value of total welfare from 2010 to 2100 is reduced due to permafrost carbon feedback by US$ 4.2 [2-7.8] trillion.
Sensitivity analysis for the mitigation cost
The mitigation costs obtained in our study are in the low range of the literature (see Clarke et al. 2014 ). There are two important factors explaining this result: the first being the discount rate 5 and the second the cost of the backstop technology. 6 To address this, we have studied ( Table 1 ) the sensitivity of the mitigation cost towards changes in i) the pure rate of social time preference (ρ) and ii) the cost of backstop technology (pback).
The results for the default values of the DICE model (pure rate of social time preference of 1.5 % and a backstop technology at $344 per ton of CO 2 ) have been described in section 3. As expected, the mitigation costs increase for lower discount rates and for higher prices of backstop technology. In the case of a pure rate of social time preference of 0.1 % (similar to the one used in Stern 2008) and a backstop technology price of 1000 US/tCO 2 , the present value of mitigation cost would be US$78.2 trillion for the RCP2.6 scenario and would rise to ] trillion when including the permafrost carbon feedback. Conversely, with a pure rate of social time preference of 3 % and with a backstop technology at 100 US$/tCO 2 , the present value of mitigation cost would be US$0.8 trillion in the RCP2.6 scenario and US$0.9 [0.9-1.0] trillion when including the permafrost carbon feedback. Following Nordhaus 2014, we include an additional scenario (ρ = 0.1 % Recalibrated), which refers to a situation where the decrease in pure rate of social time preference is compensated for by increasing the risk aversion parameter in order to maintain the market discount rate. As expected, the cost of mitigation is significantly lowered through recalibration and the results are very close to those obtained with ρ = 1.5 %.
The sensitivity analysis shows that the discount rate and the price of backstop technology significantly impact the mitigation costs. However, more importantly for our study, the relative additional mitigation costs are far less affected (Table 1) .
Conclusions
Much of the current evidence on permafrost thawing has appeared subsequently to the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) and has therefore not yet been included in the integrated assessment models (Schaefer et al. 2014) . Our study shows significant consequences for climate change control. Thus the task of keeping warming below 2°C becomes more challenging when considering the additional emissions from thawing permafrost. It is important to realise that permafrost thawing may not be the only feedback due to rapid Arctic change (Duarte et al. 2012) currently excluded from integrated assessment models. Other examples are the possibility of an abrupt melting of hydrates beneath the East Siberian Sea (Shakhova et al. 2010 and Whiteman et al. 2013) or a possible underestimation of the albedo feedback effect due to sea ice melting (Pistone et al. 2014) . 
